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Abstract 

Introduction. Modern scientific and applied literature examines the problems of cable cars functioning quite 
thoroughly. First of all, it concerns ensuring the reliability and safety of traffic, both during operation and during project 
development. 

In addition, the paper considers the relationship of cable cars with the environment and the level of environmental load 
from this type of transport. A good solution could be the use of mathematical models that can take into account a set of 
parameters and criteria that characterize the cable car as a system. The same approach would be useful for optimizing 
technical characteristics of the object. However, there is no description of such a solution in the literature. This gap is 
partially filled by the presented work. The study aims to create a model of multivariable optimization of cable car 
technical characteristics for the transportation of municipal solid waste (MSW). 

Material and Methods. To clarify the theoretical basis, the literature describing the problems of cable cars and their 
solutions in general has been studied. Mathematical calculations were justified by a volume of equations that proved 
their adequacy in determining the useful transport work, load, adjustment of time and speed of cargo movement and 
other significant parameters of the system under study. When forming the model, we proceeded from the principles of 
L.S. Pontryagin (needle variation) and Hamilton — Ostrogradsky (kinematics of a certain road segment). Text data 
about the features of the system elements and their interaction were summarized in tables. The main calculations results 
were visualized in the form of graphs. 

Results. The solution to the problem of optimal control of the cable car on which solid waste was moved was presented. 
The motion control vector was shown as a vector of optimized technical parameters of the system: speed of movement, 
rope tension, number and weight of containers. The well-known solution to the optimization problem was reproduced in 
a general form, which involved determination of a control vector function and its corresponding trajectory with the 
achievement of a minimum of the target functional. The weak point of the system of differential equations for the 
realization of the goals of this scientific work was noted. In this regard, it was proposed to consider the investigated 
section of the cable car as a dynamic system with distributed parameters. The formulation of the multi-criteria 
optimization problem was described in detail. The advantages of reducing the number of criteria taken into account 
were listed and the use of the reduction method, which was based on the hierarchical structuring of the system of partial 
optimality criteria, was justified. Four main elements of the municipal solid waste (MSW) transportation system were 
considered in interrelation. This was a cable car, a transport and logistics point, a transport and logistics terminal and an 
environment that generated solid waste. Within the framework of this work, we considered an urbanized environment. 
The sub-elements of the named elements were listed and 12 directions of their interactions were shown. In detail, within 
the framework of a three-level hierarchy, four main complex indicators of the complexity of the system under study 
were described: environment, road, point and terminal. The solution of a multi-criteria optimization problem was 
shown, calculations were performed for the optimized parameters — the characteristic of the complexity of the road and 
the characteristic of the terrain. The results of calculations were presented in the form of graphs. Thus, the dependences 
of the optimized parameters on the weight of the loaded container, the length and speed of the cable car were illustrated. 
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Conclusions. The main result of the study is an idea of the possibility of a mathematical solution of a multivariable and 
multi-criteria problem of optimizing two characteristics of a cable car (complexity and terrain feature). The proposed 
approach allows you to change the hierarchy in the complex of indicators. The results of this scientific work can be 
used, if necessary, to integrate the road project with neural network models, to work with fuzzy linguistic indicators, to 
solve applied problems. 


Keywords: cable car complexity, cable car environment complexity, transportation of municipal solid waste, multi- 
criteria optimization 
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AHHOTalna 


Beedenue. CospemMenHasd HayyHad UM MpuKaqHad JMTepatypa OBOJIbHO OOCTOATeMbHO paccMaTpHBaeT MpoOsIeMbI 
(PYHKUMOHHpOBaHHA KaHaTHBIX Jopor. B nepByro oYvepeyb peyb UseT O BOTIpOcax oObecreueHHA HayexKHOCTH UV 
Oe30MacHOCTH ABYWXKCHHA — KaK BO BPeMA IKCIVIyaTallMu, TaK M B IIpolecce paspaOorTKH mpoektTa. 

Kpome Toro, paccMaTpHBaeTca B3aMMOCBA3b KaHaTHbIX JlOpor Cc OKpyxKatoljel cpeO, BbIICHACTCA YpOBeHb 
9KONOrHYeCKOH Harpy3KH OT JaHHOro Bua TpaHcnopTa. XOpowWIMM pellieHHeM MOTJIO ObI CTaTb MCMOb30BaHHe 
MaTeMaTHYeCKHX MOJesIeH, CIOCOOHBIX YYHTHIBATh KOMIMJICKC TapaMeTPOB UM KpUTepHes, XapakTepH3YIOWMX KaHaTHy!O 
Wopory Kak cucTemy. DTOT %*e MOAXOA Obit ObI NOMe3eH WIA ONTHMM3alHH TEXHHYCCKUX XapaKTepHCTHK OObEeKTA. 
OyHako B JIMTepaType He MpescTaBleHo omucaHue Takoro peulenua. JlaHHblii mpoOem oTyacTH BOCIIOHAeT 
lipeyctaBieHHat padota. Ee web — co3qaHve MOJeIH MHOronapaMeTpHyecKOH OMTHMH3alMH TeXHHYeCKHX 
XapaKTepHCTHK KaHaTHOH JOpOrH AJA TpaHCHOpTHPOBKH TBeEpABIX OBITOBbIX OTXOZOB (TBO). 

Mamepuanvei u memoooi. JIna yrouneHua TeopeTuyeckoi Oa3bI u3ydeHa JMTepaTypa, B UWeIOM OMHCbIBaIOlad 
TIpoOeMbl KaHaTHbIX Opor u Ux pelwleHHa. Matematwueckve pacueTbl OOOCHOBaHbI OOBeEMHOM To WOopKol 
ypaBHeHHi, 0Ka3aBIUMX aj[eKBATHOCTh pH olpeseseHHH Mowe3HOM TpaHCcnopTHOM padoTbI, Harpy3KH, 
KOPpeKTHPOBKH BpeMeHH UH CKOPOCTH NepeMeleHuA Tpy30B HW Apyrvx 3HAYMMBIX WapaMeTpoB UccieyyeMON CHCTeMBI. 
IIpu dopmMuposanun Mojenu ucxoguiM 43 npuHyunos JI.C. Wourparuua (urompyatas Bapuayua) wu DamubTrona — 
Octporpagckoro (KHHeMaTHKa olpeyeeHHoro OTpe3Ka oporu). TeKcToBble DaHHble 06 OCOOeHHOCTAX 3JIEMCHTOB 
CHCTeMBI H HX B3aHMOJeicTBHU CBeeHbI B TaOIMUbI. Mroru raBHbIx pacdeToB BH3YaJIM3HpOBaHbl B Bue rTpapuKos. 
Pe3ynemamoet ucciedoeanua. WpectaBiexo pelieHve 3afadv ONTHMasIbHOrO yiipaBIeHHa KaHaTHOHM oporoi, m0 
KoTOpoH nepemenjaror TbO. Bextop ynpaBieHHa JBWKeHHeM T10Ka3aH KaK BeKTOP OMTHMM3HPpyeMbIxX TeXHHYeCKHX 
TlapaMeTpOB CHCTeMBI: CKOPOCTh JIBYHKCHHA, HaTKeHMe KaHaTa, YHCIIO MH Bec KOHTeMHepos. Bocnpon3BoquTCA 
W3BeCTHOe pelleHHe 3aa4H ONTHMH3alMH B OOWeM Bue, KOTOPOe MpesomaraeT olpeyeeHue BeKTOp-PyHkKuHU 
ylipaBleHua HM COOTBETCTBYIOWIeH eMy TpacKTOpHu c OCTHKeHHeM MMHMMyMa IeleBoro (PyHKUMoHaa. OTMexeHo 
cjaOo0e MecTO cHcTeMBI AuddepeHuMabHbIX ypaBHeHHi [IA pearu3aluu Wee TaHHol HayyHor padoTsl. B stor 
CBA3H TIpelIOKeHO pacCCMaTPHBaTb UCcCcIeqyeMbIM y4acTOK KaHaTHOM MOporm KaK JMHAMMYeCKyIO CHCTeMy C 
pacnipeyemeHHbIMM Tapametpamu. J[eTaibHO onMcaHa MOCTaHOBKa 3afa4H MHOTOKpHTepvasbHOl ONTHMNv3AaLHH. 
Ilepeyncsensi IpeHMyljecTBa COKpallleHHA KOJIMYeCTBAa YYHTHIBACMBIX KPHTepHeB HU OOOCHOBaHO IIPHMeHeHHe MeTosa 
PeAYKUMH, KOTOpbI OasHpyeTca Ha HepapxWyuecKOi CTpyKTypu3allWH CHCTeMbI YaCTHbIX KPHTepHeB ONTHMAJIbHOCTH. 
PaccMOTpeHbI BO B3AHMMOCBA3H YeTbIPe TIABHbIX 3JIEMCHTa CHCTCMbI TPaHCHOPTHPOBKH TBePAbIX ObITOBbIX OTXOJOB 
(TBO). Sto kaHaTHad WoOpora, TpaHCHOPTHO-OrHCTHYCCKHM MYHKT, TpaHCHOpTHO-JIOrHCTHYeCKHU TepMHHasI H cpeya, 
KoTopas reHepupyet TbO. B pamxkax jaHHol paOoTbI peyb ugeT 06 ypOaHu3upoBaHHo cpeye. Ilepeuucensi 
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TMOJRICMCHTbI Ha3BaHHbIX 3IEMeCHTOB M WoKa3aHbI 12 HalpaBsIeHHit MX B3aMMOelicTBHH. JleTaIbHO, B paMKax 
TPeXypOBHeBOM HepapXxHH, OMMCaHbI YeTbIPe TaBHbIX KOMIVICKCHBIX MOKa3aTeJIA COXKHOCTH H3yY4aeMO CHCTEMBI: 
cpefla, Wopora, MyHKT Hu TepMuHa. Iloxa3aHo pellieHHe MHOTOKpHTepHabHON 3aayH ONTHMU3allHH, BbITOJHeHbI 
pacueTbI 110 ONTHMU3HpyeM HapaMeTpaM — XapaKTepHcTHKa CJIOXKHOCTH OporH MW XapakTepHCTHKa MeCTHOCTH. 
PesybTaTbI pacueTOB [peycTaBleHbl B BHAe rpaduKos. Takum o0pa30M IMpOHJWIOCTpHpoBaHbI 3aBHCHMOCTH 
ONTHMU3HpyeMBIX TapaMeTPOB OT MaCCBI 3arpyKeCHHOTO KOHTelHepa, JJIMHbI HM CKOPOCTH KaHaTHOM JOporu. 
O6cystcoenue u 3aknio4uenue. OcHOBHOM MTOr UccHeqoBaHua — c(opMupoBaHO pescTaBseHHe O BO3MO%XKHOCTH 
MaTeMaTHYeCKOrO pelieHHA MHOrolapaMeTpHyecKOH HM MHOFOKpHTepHabHOH 3aadH ONTHMM3alMH BYX 
XapaKTepHCTHK KaHaTHOM JOporH (CO%*KHOCTb HM OCOOeHHOCTH MecTHocTH). peqoxKeHHbIM MOAXOA WO3BOJIACT MCHATS 
wepapxHio B KOMIVIeKce oKa3aTeyei. PesyibTaTbl aHHOM Hayd4Hol paOoTbI MO%KHO MUCIHOb30BaTb MIpH 
HeOOxXOAMMOCTH HHTerpalluH mpoeKTa oporH c_ HelipoceTeBbIMH MOJeIAMM, B padoTe c He4eTKHMH 
JIMHTBUCTHYCCKHMM MOKa3zaTesaMu, JIA peWleHHA IPUKMAaHbIX 3aa4. 


KoroueBbie CIOBAa: CIOXKHOCTh KaHaTHOH AOpOrn, CIO%KHOCTb Cpejibl KaHaTHOU AOpOorn, TpaHCIOpTHpOBKa TBepAbIX 
ObITOBbIX OTXOJOB, MHOTOKPHTepHasIbHad ONTHMH3alnA 


BuaarogapHocrn. ABTOPBI BbIPaKaroT IIpH3HaATCJIBHOCTb KOJWICTaM 3a NOMOIMIb. 


Aaa warupospannsa. Mapuexxo f0.B., Jepromes B.B., Honos C.V., Mapyenxo 3.B. Moyes muHoronapametpvyeckoi 
ONTHMH3al[HH XapakTepHCTHK KaHaTHOM JOpori B CHCTeMe TpaHCHOPTHPOBKH TBepAIX OBITOBIX OTXOZOB. bezonacnocmb 
MeXHOZEHHvIX U NPUPOOHwIx cucmem. 2023;7(4):80-96. https://doi.org/10.23947/254 1-9129-2023-7-4-80-96 


Introduction. Modern cable cars are high-tech complexes for passengers and cargo movement. Numerous scientific 
and applied studies are devoted to them. Technical features of these objects are being studied. The issues of their 
relationship with the environment are being clarified. Following the trends of recent years, the authors have found out 
the level of environmental load from this type of transport. The focus of attention is always on ensuring the reliability 
and safety of traffic — both during operation and during the development of the project. 

Many authors and teams have studied the issues of improving technical characteristics of cable cars by improving 
their designs. The results of such studies have been implemented in passenger and cargo rope transport projects [1-3]. 
In [4, 5], a different approach to the problem of reliability and safety of operation of the objects under consideration is 
presented. In this case, the quality of the project is determined by the number of factors that affect the stability of the 
system. In this regard, it would be advisable to consider the possibilities of multiparametric and multi-criteria 
optimization of the technical characteristics of cable cars. However, there are no publications on this topic in modern 
scientific literature. 

The work aims to show the possibility of creating a model of multiparametric optimization of technical 
characteristics of a cable car for the transportation of municipal solid waste (MSW). 

Materials and Methods. Within the framework of the presented scientific work, the data from the literature devoted 
to the issue under study are summarized. One of the approaches to solving the problem is described in [6]. Solid waste 
is collected in removable containers, compacted, placed in vacuum and delivered by truck to a transport and logistics 
point. Here the container is moved to the cargo cable car. It connects the transport and logistics point with the transport 
and logistics terminal, where the container is loaded onto an intermediate decelerating conveyor, removed from the 
cable car, unloaded, then washed and disinfected. The described scheme assumes environmental control of processes, as 
well as maintenance and repair. 

Let us consider a section of a cable car between two supports (Fig. 1). Let us assume that the supports are located at 
the same height and at distance / from each other. Between them there can be one or more containers weighing 
Gyi i= 1, ..., n) each. 
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Fig. 1. Diagram of the process of transporting containers on a cable car 


n 
On a section of the cable car, the containers with cargo with a total weight of G,, = SG, are delivered at a certain 


i=l 


distance, and then it is an effective transportation A, equal to the product of cargo in tons /,, times the distance in km: 


A= Gy ly = De Gat) (Gur hgs)- 

Transport work is measured in ton-kilometers. The productivity of the transport process is the useful transport work 

per unit of time: 
a2. Gil 
t 

where t — time taken to move the load with total weight G,, to the distance of the total load from the support 
bop boy = De Gentes 17 

Value v=/,,/t represents the speed of movement of goods by cable car. In the first approximation, it can be 


considered equal to the speed of the rope. In general, taking into account the slackness of the rope with containers by 
value h, the speed of movement of goods on the cable car will be slightly less than the speed of the rope. 

An effective process is the delivery of as much cargo as possible in less time to a given distance. In our case, loads 
with a given total weight )'G,, are moved by a cable car at a distance / between two supports. Then the task of 


increasing efficiency is reduced to minimizing travel time f,, : 


When solving problems to reduce the transportation time, such characteristics of the cable car as the speed of 
movement v, the tension of the rope T, the number of containers between the supports n and the weight of one container 
with a load G,, vary. Value G,, is assumed to be the same for all containers. Then the task of increasing efficiency is 


reduced to maximizing: 
v>G, — max. (1) 
(=) 


The speed of movement of cargo cable cars is limited by standards in the field of industrial safety!. The speed 
parameter is usually limited by the dynamic coefficient p: 


where A, — amplitude of the container vibrations depending on the speed of the rope; A,,— static (or equilibrium) 


amplitude, i.e. static deformation of the elastic bond (maximum rope sagging) under the action of weight forces of all 
containers at zero or very low speed of movement the rope. 


'Ob utverzhdenii federal'nykh norm i pravil v oblasti promyshlennoi bezopasnosti "Pravila bezopasnosti passazhirskikh kanatnykh dorog i funikulerov". Order 
of the Federal Service for Environmental, Technological and Nuclear Supervision No. 441 dated November 13, 2020. Electronic Fund of Legal and Regulatory 
and Technical Documents. URL: https://docs.cntd.ru/document/573191373 (accessed 25.09.2023). 
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Changes in the shape and frequency of vibrations [7] lead to changes in dynamic loads on ropes and other power 
elements. Overload acting on the container in the vertical direction along the z axis: 


Fos 8g 


where P, — dynamic load, P., — static load,  — acceleration of the container in the direction of the vertical z axis. 


Therefore, we will proceed from the safety requirements. We take into account the influence of rope tension and 
parameters from expression (1) on the dynamic coefficient and the magnitude of overloads. In this case, solution to the 
problem of increasing efficiency requires solution to the optimization problem of the cable system dynamics, which is 
described by a finite set of parameters. Thus, we are talking about a multiparameter problem. 


Results 

Formulation of the optimization problem for systems with lumped and distributed parameters. To solve the 
problem, we apply L.S. Pontryagin's needle variation [8] to the invariant features of the actual motion of a dynamical 
system. 

In the classic formulation of the optimal control problem, the cable car between the supports is considered as a 
holonomic dynamic system the mechanical connections of which are reduced to geometric ones. For the system under 
consideration, Hamilton—Ostrogradsky principle [9] is valid, according to which on trajectory q(t), that does not 


contain kinematic foci: 


8J = | (8T+8'A) dt=0, (2) 
0 
t= 0, q(O) = qo, t= te q(t) = Gs 
dq, = 5q, =0, (3) 
qth) 
where J — target functional; T= 7(q, g) — kinetic energy; A = | Qdq — work of generalized forces that depend 
q(0) 
on generalized coordinates; g(t) = [q1, ..., Gn]’ ER" — vector of specified generalized coordinates; (A) = [Q1, ..., Qnl’€ 
R" — vector of generalized forces; t = [0, t,] — time; 6 — symbol of variation; 56’ — symbol of infinitesimal increment 
of quantities. 
Vector of generalized forces depends on control vector u(‘): 
u(the R", Q= Q(q,q,u, 1), m<n. (4) 


The motion control vector is a vector of optimized technical parameters of the system: speed of movement, rope 
tension, number and weight of containers. 
In general, the optimization problem involves determining the control vector function wu(g,qg) and the 


corresponding trajectory q(t), so that the minimum of the target functional is achieved: 


J = [F(9.4)dt— min. (5) 
0 
Under conditions (2), (3) and control constraints: 
ueG, (6) 
where G, — closed set of permissible controls in the space of functions [0, %] set at a finite time interval; F(qg,q) — 


sign-constant function. 
Let us suppose, in the first approximation, the rope system is modeled as dynamic and consists of a finite number of 


concentrated masses (containers) connected by elastic constraints. In this case, to solve the optimization problem, it is 


necessary to determine the laws of speed change v(t)=x(t), rope tension T= f(t), the values of the number of 


containers n(x,x) and their weight G,, —T such that the target functional J takes the minimum value: 


J=|](s—ny'ee( sx |teomin (7) 


Initial and terminal conditions for (7): 
t =0, x(0)=0, <(0) =v 


P= be EN LAE avs (8) 


min? 
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In addition, taking into account (2), we keep in mind the ordinary differential equations of motion of the dynamical 
system under consideration. Restrictions are imposed on the speed of movement, the amount of tension, the number and 
weight of containers: 

Vinin [YS Vina O<T STs L< MS May 3 Gorin < Guy S Ginax + (9) 

In addition, the acceleration of containers in the direction of the x axis, in the transverse direction (along the z axis), 
as well as the transverse deviations of the i-th container w(x, f) along the z axis are limited: 


max? ~ min 


X (0) S Xa ZO) S Zinax 3 WA) S Wray « (10) 
To solve the optimization problem, instead of target functional (7), an extended functional is considered: 
pafttep| 4 fae |bar, (11) 
0 | 2 2 % 


where pp, — Lagrange multiplier. 

Let us mention the weak point of constructing a system of ordinary differential equations of motion of the dynamic 
system under consideration with a variable number of concentrated masses and variable boundary conditions. The fact 
is that in order to implement this approach, it is necessary to introduce a number of assumptions that reduce the 
reliability of optimization results. Therefore, we consider the corresponding section of the cable car as a dynamic 
system with distributed parameters. In this case, to study the dynamic processes of a system with a mobile discrete and 
distributed inertial load, we use the partial differential equation of transverse rope vibrations reduced to a homogeneous 
differential equation: 


Ow fom Ow 


“w 
(x) — + 2p(xv — -(T -p(x)v*) — =0, (12) 
ee axa PMY 
where p(x)=p,+ > G,,8(x—x,); P) — mass of the rope length unit; G,,, — mass of the i—th concentrated 
i=l 
load; 8(x-~x,) — Dirac function; x, — coordinate determining the position of the i-th load; 7 — rope tension; 


w(x,t) — transverse deviation; v — longitudinal velocity of the rope. 

A detailed review of methods for solving optimization problems for dynamic systems with distributed parameters, 
including hyperbolic systems of form (10) with controlled connections at the boundaries, is given [9]. Most methods are 
based on the assumption that of all the permissible control actions on the system under consideration, only one 
corresponds to the optimal state of the process, i.e. solution of differential equation (10). Another assumption is the 
convexity of the set of permissible controls in the target functional — for example, as in (7). At the same time, for 
systems with distributed parameters, the absence of optimal control or the presence of multimodal functions in the 
target functional with multiparametric optimization is acceptable. In addition, the complexity of obtaining the necessary 
(and, preferably, sufficient) optimality conditions does not guarantee the adequacy of the results of solving a model 
optimization problem to the optimization goals for a real object. This disadvantage is also characteristic of dynamical 
systems modeled by ordinary differential equations. 

The above proves the relevance of developing approaches that will overcome the shortcomings noted above. It 
concerns the methods of so-called suboptimal management. These include multi-criteria optimization methods used in 
decision-making or selection tasks. In this case, they make it possible to consider simultaneously a larger number of 
parameters of the optimized system in a multidimensional space of criteria (indicators). 

Formulation of a multi-criteria optimization problem. Let U — n-dimensional vector of optimized technical 
parameters of the system (control vector) and n > 1. In our case n = 4. Vector components: uv; — speed of movement, 
uz — rope tension, v3 — number of containers, u4 — weight of one container. As noted above, restrictions can be 
imposed on vector U, which is a closed set G. of form (6), which is called the set of acceptable values of the vector of 
optimized parameters. The dimension of this set is r >. Constraints and limiting functions have form (9) and (10). 


Let us introduce vector optimality criterion K(U), defined on the set Gs in m-dimensional arithmetic space 


m 


(criterion space) R’”. Here m > 1, i.e. in the limiting case, for m = 1 the optimization problem becomes single-criteria, 


for m > 1 — multi-criteria. The components of the vector optimality criterion are particular optimality criteria: 
K(U) = {ki(U), k2(U), ..., km(U)}. (13) 
They may also be subject to restrictions. This is due to the need to bring to a dimensionless form and a single scale 
of changes in values, for example, in the proposed model 
0<k(U) <1,i=[1,..., ml]. (14) 
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In addition, in the general case, when forming particular optimality criteria, depending on the optimization goal, the 
values of some particular criteria should be increased, and the values of others should be reduced. Let us note, however, 
that the task of criterion minimization by introducing an inverse transformation is reduced to the task of maximization. 
Therefore, let us assume that maximization of all partial optimality criteria is desirable in the developed model. 

We also note possible limitations on the value of m, i.e. on the number of particular optimality criteria (indicators) 
formed when solving specific problems. Obviously, one criterion, even a complex one, cannot cover all the 
requirements. Modern computer technologies make it possible to solve problems with a large amount of data without 
loss of accuracy, so many researchers maximize the number of particular criteria, use even those factors that practically 
do not affect the result of optimization. At the same time, an increase in the dimensionality of the system makes it 
difficult to build and may disrupt the stability of computational algorithms, especially in target functionals with 
multimodal functions. 

From a mathematical point of view, reducing the number of criteria reduces the complexity of computational 
algorithms and opens up the possibility of a simple graphical interpretation of the results (for example, for two- 
dimensional or three-dimensional criterion spaces). In addition, the verification of algorithms is simplified. The problem 
can be reduced to a single-criteria one, and there are many proven methods for solving it. In general, reducing the 
dimension of the formed system of partial optimality criteria (indicators) greatly simplifies the solution to the 
optimization problem. 

Most often, the method of eliminating duplicate or insignificant indicators is used for reduction. However, it is 
possible to mistakenly exclude important factors. Therefore, within the framework of the presented work, a reduction 
method was used based on the hierarchical structuring of a system of partial optimality criteria without their artificial 
exclusion [10]. 

So, let us consider the functions (processes) of the system under consideration with an optimized object — a cable 
car (Fig. 2). 


7 
1 > 3 
Urbanized environment Transport and 
8 logistics point 
Pad 
2 4 
Cable car 


12 


Transport and logistics 
terminal 


Fig. 2. Functional diagram of the MSW transportation system 


Four elements of the MSW transportation system are described in [6]. 

1. Urbanized environment determines: 

— layout of settlements; 

— transport infrastructure; 

— terrain and landscape; 

— natural and climatic conditions; 

— weight and volume of generated solid waste; 

— time of removal of solid waste. 

2. Cable car performs the main function — moving solid waste to the disposal site. The main (including optimized) 
characteristics of this element of the system: 

— type of cable car; 

— number of containers on the road and between supports; 

— rope tension; 

— rope diameter; 

— speed of movement; 

— step of discrete drives; 

— space between the supports. 
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3. Solid waste is collected and stored for some time at a transport and logistics point. Its main characteristics: 


— area; 
— height of indoor premises; 
— loading and unloading performance; 


— dimensions and technical capabilities of conveyors; 


— number of empty containers. 


4. In the transport and logistics terminal, solid waste is unloaded, moved from the cable car to the disposal site. 


Emptied containers are sent for washing, storage and inspection. The main characteristics of this element of the system 


are: 


— area; 


— height of indoor premises; 


— dimensions and technical capabilities of conveyors; 


— loading and unloading performance; 


— parameters of equipment for washing, drying and disinfection of empty containers; 


— number of empty containers. 


Table | describes the interactions of the elements, which are shown in Figure 2 with numbers from | to 12. 


Table | 
Interaction of elements of the MSW transportation system by cable car 
Direction Interacting elements 
(o) 
1 | Urbanized environment — cable car Volume and weight of solid waste; volume, weight, number of 
containers; technical characteristics of the road 
2 |Cable car — urbanized environment Cable car operation processes; ecological state of the environment; 
safety indicators of intersected objects (roads, water barriers, buildings, 
agricultural land, etc.) 
3 | Cable car — transport and logistics Number and weight of empty containers; speed and regularity of arrival 
point of containers at the point 
4 | Transport and logistics point - cable car | Number and weight of loaded containers; speed and regularity of arrival 
of containers on the cable car 
5 | Cable car — transport and logistics Number and weight of loaded containers; speed and regularity of receipt 
terminal of containers in the terminal 
6 | Transport and logistics terminal — cable | Number and weight of empty containers; speed and regularity of arrival 
car of containers on the cable car 
7 | Urbanized environment — transport and | Route length; transport infrastructure; container volume and weight; 
logistics point vehicle load capacity; number of vehicles and containers per vehicle; 
vehicle speed; speed and regularity of container arrival at the transport 
and logistics point; climatic conditions 
8 | Transport and logistics point — Processes of operation of a transport and logistics point; environmental 
urbanized environment situation 
9 | Urbanized environment — transport and | Volume and weight of solid waste; natural and climatic conditions 
logistics terminal 
10 | Transport and logistics terminal — Processes of operation of the transport and logistics terminal; 
urbanized environment environmental situation 
11 | Transport and logistics terminal — Volume and weight of solid waste; number of empty, excluded and 
transport and logistics point added containers; maintenance and repair processes 
12 | Transport and logistics point — Volume, weight of solid waste; number of filled, excluded and added 
transport and logistics terminal containers 


Machine Building 


Figure 3 shows the interaction of the main parameters of the system under consideration for a conditional Rostov- 
on-Don district in the form of a diagram. 
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Fig. 3. Scheme of functional interaction of the main indicators of the MSW transportation system from the conditional 
Rostov-on-Don district 


Figures 2 and 3 allow us to build a hierarchy of indicators (Fig. 4). 


Ki 
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urbanized environment 
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complexity of the 
transport and logistics 
point K3 


Fig. 4. Hierarchical structure of criteria characterizing the cable car as a system 


Tables 2 and 3 show the examples of complex indicators of technical complexity of building and functioning of an 
eco-friendly system for removal of solid household waste by cargo cable transport in an urbanized environment. 
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Table 2 
Comprehensive indicators of technical complexity of the cable car as a solid waste transportation system 
Indicator level Dimension, unit of 
Ist 2nd 3rd measurement 
Very bad 
Bad 
Layout of the area Ki11 Average 
Layout of the settlement 
: Good 
with transport Vv q 
infrastructure Ky; a Mas 
Length of paved 
State of the transport infrastructure Ki12 | streets to the total 
length of streets 
. Bad 
Terrain and landscape of 
Average 
the area Ki2 
Good 
Weight Ki31 t 
Characteristics of solid |SMW Volume Kj32 mm 
C jecisce household waste (day) Solid 
aa en Ki3 Structure K133 Liquid 
urbanized environment K, =e 
No classification 
Temperature K,41 C@ 
Natural and climatic Wind velocity Ky42 m/s 
conditions Ki4 Humidity K143 % 
Number of sunny days in summer Kj 44 Units 
Frequency of solid waste removal Kj51 Once a week 
Number of trucks K152 Units 
Transportation costs (fuel and lubricants, Rub 
ub. 
; maintenance) Ki53 
Removal of solid : . 
Number of containers per car Kj54 Units 
household waste Ks 
Route length Kis55 km 
Vehicle speed Kis6 km/h 
Container volume K1s57 m? 
Container weight K1ss kg 
Cable car length Ka; m 
Number of containers on the cable car Units 
and between the supports K21." 
Cable car characteristics | Rope tension K213" kN 
Ko Cable car speed Ka14° m/s 
. Distance between supports K215 m 
Cable car complexity Kz : z 
Rope diameter K216 mm 
Weight of loaded containers K217 kgr 
Height difference K22) m 
Terrain characteristics Bad 
Kx Obstacles along the way K222 Average 
Good 
Layout of a transport Occupied area K31, m 
and logistics point K3; | Height of indoor spaces K312 m 
a ar Number of unloading platforms K32) Units 
Transport and logistics Characteristics of : : 
‘ : : : Number of loading platforms K322 Units 
point complexity K3 loading and unloading ; : 
: Unloading performance K323 Units /hour 
operations K32 : F 
Loading performance K324 Units /hour 
Characteristics of the Conveyor length K331 m 


Machine Building 


89 


https://bps-journal.ru/ 


90 


Safety of Technogenic and Natural Systems. 2023;7(4):80-96. eISSN 2541-9129 


conveyor for empty Number of containers to be placed K332 _| Units 
containers K33 Number of empty containers sent for Unit 
nits 
storage K333 
a Conveyor speed K341 m/s 
Characteristics of the 
; Conveyor length K342 m 
accelerating conveyor : 
K Load capacity K343 t 
34 : 
Drive power K344 kW 
_ Conveyor speed K351 m/s 
Characteristics of the 
. Conveyor length K352 m 
decelerating conveyor - 
K Load capacity K353 t 
35 ; 
Drive power K354 kW 
; . Occupied area Kai; m 
Terminal size Ky, - - 
Height of indoor spaces Ka12 m 
a Conveyor speed K351 m/s 
Characteristics of the 
; Conveyor length K352 m 
decelerating conveyor : 
K Load capacity K353 t 
2 : 
Drive power K354 kWr 
Darsiieteis af the Efficiency K431 Units /hour 
equipment for unloading Number of tilters K432 Units 
solid waste from the ; : 
canter TGs Number of unloading platforms K433 Units 
Line length Kaa; m 
Number of washing positions K442 Units 
Parameters of 
T ae . ; . Water pressure K443 MPa 
ransport and logistics equipment for washing, 
terminal complexity Ky drying and disinfection Ch ae fd K Bad 
of empty containers Kaa aracteristics of detergents K4a4 Average 
Good 
Drying speed Kags min 
Conveyor length Ks: m 
Chaticienehecdr ing Number of containers to be placed K452__| Units 
conveyor for Number of empty containers sent for Units 
maintenance and repair | maintenance and repair K4s3 
of empty containers K4s Bad 
Container maintenance K4s4 Average 
Good 
_— Conveyor speed K461 m/s 
Characteristics of the Conveyor length Kaeo a 
oo conveyor [7 oad capacity Kass t 
6 ; 
Drive power K464 kW 


K* — optimized parameters. 
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Table 3 
Intervals of changes in cable car complexity indicators 
Level 3 Indicator Oat ue eee Change interval 
dimension 
Cable car length Kai m 1000...50000 
Number of containers on the cable car and between the supports K212" | Units 1...20 
Rope tension K213" kN 10...15 
Cable car speed Ka14" m/s 0.5...5 
Distance between the supports K215 m 40...150 
Rope diameter K216" mm 10...1000 
Weight of loaded containers K217 kg 500...1500 
Height difference K221 m 0...2000 
Bad 
Obstacles along the way K222 Average 0...1 
Good 


In general, there should be at least two indicators at each level of the hierarchy (with the exception of the topmost 
one, which represents the target function). When grouping particular criteria at each level, the number of criteria 
(indicators) in the group can vary from one to some specified maximum value, i.e. 1 <m <Mmnax. At m= 1 the indicator 
of the upper level moves to the lower one without change and vice versa. The maximum value is determined by the 
dimension of the criterion space and the complexity of constructing a computational optimization procedure in this 
space. Let us take mMmax= 8. 

All criteria (indicators) of the lower level can be measurable and immeasurable. The examples for the first case: 
"height difference", "total length". For the second case — "relief" (simple, complex, very complex). To describe such 
criteria, it is proposed to use the methods of fuzzy set theory, i.e. to determine the function of an object belonging to the 
corresponding set, as in [10]. 

So, let us formulate the task of multi-criteria optimization to the maximum for each group of partial optimality 
criteria at all levels. It is necessary to determine the vector function of the optimized system parameters (control vector) 


U on a closed set GC. so that the maximum of the target functional is achieved 
K(U) — max (15) 
under condition (13) and constraints (9, 10 and 14). 
G, — closed set of permissible controls in the space of specified functions (permissible values of the vector of 
optimized parameters). 
Vector U" €G, is the global solution to problem (15) if K(U*) = K(U) for all U €G, . 


To solve the multi-criteria optimization problem, we will use scalarization method of vector criterion (13). To this 
end, we apply the additive function: 


m 


K.(U)=> ak, (U). (16) 
i=l 
For coefficients a; the conditions must be met: 


a, >Onpui=l,....m; >) a, =1. (17) 


i=l 

Then initial problem (15) is reduced to finding the maximum of integral indicator (16). In this case, the method of 
determining the coefficients a; is especially important. These are the convolution coefficients of vector criterion (13) 
from the multicriteria space to the numerical axis of scalar criterion (16) with the physical meaning "better" — "worse". 

To calculate the convolution coefficients, one can use the methodology proposed in [10]. In this case, fuzzy relations 
on pairs of objects from the training sample and integral scalar exponent (16) are considered. A computational 
procedure is constructed for the functional that determines the magnitude of the discrepancy. 

After determining the convolution coefficient vectors for all criteria of the hierarchy, it is necessary to find the 
vector function of the optimized parameters of the system (control vector) U, when additive function (16) reaches the 
maximum for the criterion of the upper level of the hierarchy (objective function). At the same time, on a set of 
parameters, the objective function can have several local maxima. Among them, you need to find a global one. There 
are several computational methods for solving such problems [11]. The so-called evolutionary methods have certain 
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advantages. Some of them are implemented on the basis of a specialized multidisciplinary platform ModeFrontier. To 
solve this problem, we propose genetic algorithm [12]. 


Calculations. The optimized parameters of the cable car, as shown in Table 2, are included in K2 indicator: 
K, =0,6K,, +0,4K,,. 


Ky; (cable car complexity characteristic) is determined by the formula: 
K,, =0,1K,,, +0,15K,,, +0,15K,,, +0,25K,,, +0,1K,,, +0,1K,,, +0,15K,,,. 


Ky» (terrain characteristics), determined by the formula: 
K,, =0,5K,,, +0,5K,,5. 
The use of applied software products made it possible to show the results of calculations in the form of graphical 
dependencies K2; and K» on the optimized parameters in Fig. 5-8. At the same time, the numerical values of the 
variable parameters were determined according to Table 2. 
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Fig. 6. Dependence of Ka: coefficient on the weight of the loaded container 
with a cable car with a length of 40 thousand meters 
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Figures 5 and 6 demonstrate a pronounced extremum for Ko; indicator (cable car complexity characteristic) in the 
weight range of the loaded container 2500-4500 kg. This can be explained by the fact that when using containers with 
low mass, it is necessary to increase their number to ensure a given performance. As a result, the number of elements of 
the system increases, that is, it becomes more complicated. The use of containers with a large mass requires the 
introduction of elements such as additional discrete drives, vibration damping systems, increasing the thickness of the 
rope, etc., which also complicates the system. 
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Fig. 7. Dependence of K2 coefficient on the speed of a cable car with a length of 20 thousand meters 
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Fig. 8. Dependence of K2 coefficient on the speed of a cable car with a length of 40 thousand meters 


Figures 7 and 8 show that in the speed range of the cable car 1.5...3.5 m/s, K2 indicator has the lowest difficulty 
values, since at low speeds more containers are required, and at high speeds additional devices are needed to stabilize 
movement. 

Discussion and Conclusion. The paper considers cable car complexity and terrain features as cable car optimized 
parameters. In the first case, for optimization, it is necessary to take into account the length of the road, the number of 
containers, the weight of loaded containers, the tension and diameter of the rope, the speed of the cable car and the 
distance between the supports. In the second case, the calculation is based on the data on the height difference and 
possible obstacles along the way. Both groups of these parameters demonstrate the complexity of the cable car in terms 
of technology and environment (indicator of the Ist level K2) 
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A model for solving a multiparametric and multi-criteria problem of optimizing the characteristics of a cable car is 
proposed. It allows you to change the hierarchy of indicators. This approach can be used if it is necessary to integrate 
the project with neural network models, to work with fuzzy linguistic indicators, and to solve applied problems. 
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3aABNEHHbIU BKIAO Coaemopos 

10.B. Mapyenxo, C.U.Tonop — _  paspaboTKa KOHUenyMH McCieqoBaHHaA, QYyHKUMOHAaIbHOM CXeMbI 
TPaHCHOPTHPOBKH TBeEPALIX ObITOBIX OTXOJOB, CXEMbI PYHKUMOHANLHOTO B3aMMOJeCHCTBHA OCHOBHBIX MoKa3aTeiel 
CHCTeMBI, pa3spaOoTKa HepapxuyecKkoli CIPyKTypbI KpuTepues. 

10.B. Mapyenko — mocTaHoBKa MU pellieHwe 3aa4H MHOTOKpHTepHaIbHOM ONTHMY3allMH [Id CHCTeM C 
cocpeOTOUCHHBIMH HM pacnipeesieHHbIMH TlapaMeTpaMn. 

9.B. Mapuyenko — ompeyemeHve ONTHMM3HpyeMBIX TapaMeTpoOB KaHaTHOH Woporu, paccmoTpeHue NpHMepos 
KOMIVICKCHBIX HOKa3zaTesieH TeEXHHYCCKOM CIOXKHOCTH MOcTpoeHuA U PyHKUMOHUpPOBaHHA CHCTeMbI BbIBO3a TBEPIbIX 
OBITOBBIX OTXOJOB Ipy30BbIM KaHaTHBIM TpaHCHOpToM. 


Koudauxm uHMepeco: AaBTOPHI 3aABJIAIOT 06 OTCYTCTBHH KOH@JIMKTa MHTeCpecos. 


Bce aemopbl npOoYwumMau u odo6punu OKOHYAMEbHbIU 6apuaHm pyKonucu. 


